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SUMMARY 

A twin-engine light bomber w&s modified to u t i l i ze  hydrogen f u e l   i n  
one of the two engines  during flight at  an  a l t i tude of 50,000 feet. The 
fue l  was stored as a l iqu id   i n  an insulated w i n g t i p  tank. A pressurized 
f u e l  system WRS used i n  lieu of a pump for   l iquid hydrogen. The f u e l  
system  provided f o r  vaporization of the f u e l   i n  a ram-air heat exchanger 
and regulation of hydrogen vapor  flow to the  engine by means of a specially 
designed  regulator. The regulator  uti l ized the metered JP f u e l  flow from 
the standard engine thro t t le   cont ro l  to regulate  vaporized hydrogen flow 
to the engine. 

Three completely  successful flights were made using hydrogen fuel. 
The drplane climbed on Jp fuel to   cruise   a l t i tude,  w h e r e  the engine waa 
shifted to hydrogen fuel and %hen back to 3p f u e l  Elfter the hydrogen 

effects  on engine  operation.  Steady-state and transient  operation w e r e  
both highly satisfactory.  Heat-exchanger  performance compared favorably 

w i t h  hydrogen, the engine produced a very heavy and persistent condensa- 
t i on  trail,  while the engine  using JT f u e l  produced none. 

. supply was exhausted.  Transition w a s  made t o  hydrogen f u e l  without serious 

c with simulated  altitude performance in the laboratory. During operation 

Data are presented to show the ef fec t  of tank agitation on fuel  pres- 
sme and fuel   losses .  Jostling of the liquid  during flight and  especially 
during taxiing  substantially reduced the rate of  pressure  increase i n  the 
tank. 

Eydrogen gas created by fue l   bo i lof f  w a s  periodically  vented from the 
tank during flight, and on  two occasions unused l iqu id  hydrogen wa8  
jet t isoned from the f u e l  tank without  incident. 

. INTFODUCTION 

The desire   for  imgrovement of  United States mili tary air capability 
- to operate a t  higher al t i tudes and t o  fly farther has led to an 
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investigatfon of the use of hydrogen as an  aircrEsft f u e l  where the f u e l  
would be stored  as a l i q u i d .  Durfng the  paat 2 year8 a number of studies 
have been made at the NACA L e w i s  laboratory  relative  to t h i s  use 09 hydro- 
gen. The resul ts  of analytical  studies  indicate that a very substantial  
gain may be obtained in   a l t i tude  and range by the use of hydrogen i n  
turbojet  engines as opposed t o  Jp f u e l  (ref. 1). Combustion performance 
of hydrogen over a wide range of pressure  conditfons has been highly 
satisfactory even when it w&s introduced  into the combustor at tempera- 
tures as low as 50’ R (ref‘s. 2 and 3). H 

C 
c 

Furthermore, satisfactory combustion has been  attained in very  short c 

combustors, which  would allow for the possibi l i ty  of relatively short 
engines compared with present Jf fuel engines and would in  turn  give 
commensurate savings i n  engine w e i g h t  and space  requirements (refs. 4 and 
5 )  

The pract ical  problems associated w i t h  the handling of l iquid hydro- 
gen, because of its law density (4.42 lb/cu ft) and low temperature 
(-423O I?), 8;pe unique and require  special equipment design alo with 
special heat insulation  techniques  for the storage  tank (ref. 7 and other 
parts  of the hydrogen handling system. 

In  view  of the  foregoing mer-all advantages, a program w a s  instigated 
at the NACA Lewis laboratory  in  January, 1956, to  conatruct  an  aircraft  
fue l  system for  flight  operation. . By this means the  practical  problems, 
many of which can  only be exposed by actual flight, could be investi- 
gated. The system devised is not t o  be considered  an  ultimate design, 
even though some parts of  the  system would  no doubt have direct  applica- 
t ion  in  an u l t ima te  system. A pressurized  fuel system w a s  used, since 
a satisfactory liquid-hydrogen p u w  was not  available f o r  a i rc raf t  
application. 

- 

The fuel system w a 8  designed t o  supply one turbojet  engine of a twin- 
engine light bomber. The supply w m  t o  be suff ic ient  t o  operate the engine 
fo r  20 t o  30 minutes at 98 percent of rated speed at an al t i tude of 50,oOO 
feet and a flight Mach  number of 0.72. 

The duration of f l i gh t  using hydrogen fuel was t o  be  only  long enough 
t o  firmly establish satisfactory  fuel-system end engine  operation. 3” 
this reason,  only one of the two engines wa6 modified for operation  with 
hydrogen fue l .  The hywgen  was stored as a l iquid Fn the  fuel  tank, and 
it waa burned aa a cold vapor. No ef for t s  were made during t h i s  program 
t o   u t i l i z e   t h e   f u e l  as a heat sink. 

Presented  herein is a complete description of the fuel system and its 
operation  during flight. Discussion is also presented af fuel  storage 
characterist ics,  engine  operation  during  transition t o  hydrogen fuel, and 
results of fuel  venting and jettisoning  during flight. ‘Be f l ight   inst ru-  
mentation for the liquid-hydrogen f u e l  system is described  in the appendix 
by Scott H. Simpkinson and Jacob C. Moser . - 

I 
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The a i r c ra f t  used f o r  the hydrogen f l i gh t  program w a s  a B-57 tuin- 
engine bomber. A photograph of  the  a-lrplane with the hydrogen system 
ins ta l led  is shown in figure 1. This aircraft, is capable of crufse at a 
50,000-foot a l t i tude  and carries a crew of two i n  forward and rear seats 
under a single canopy. Only the forward seat contained the p i l o t ' s  con- 
trols. The rear  cockpit w a s  modified t o  accept a special  control panel 
for   the hydrogen system. 

General Arrmgement of Systems 

The arrangement of the hydrogen system on the ai rc raf t  is sham  in  
figure 2. A schematic drawing t o   i l l u s t r a t e  the f'unctioning of the hydro- 
gen system and the associated equipment is given i n  figure 3. The liquid- 
fuel supply  tank was mounted OIL the left wingtip of the airplane (fig.  4 ) .  
A vacuum-jacketed l iquid-fuel  l ine f r o m  the hydrogen tank extended  inboard 
just aft of the single main spar t o  the bottom of a ram-air heat exchanger, 
which was mounted i n  the m u n i t i o n  bay just outboard of the engine na- 
cel le .  The liquid-hydrogen fuel was vaporized i n  the heat emhanger, and 
an unjacketed l ine  then  carried  the  cold vapor f r o m  the top of the heat 
exchanger through the special  hydrogen regulator, also mounted in   the  
ammunltion-bay area, t o  the hydrogen f u e l  manifold surrounding the  engine. 

The fuel supply t o  the engine w a s  controlled by two shutoff  valves 
sham in   the  schematic diagram ( f ig .  3). One was located  in  the  l iquid 
l i ne  near  the tank (valve 5), and the second was located  in the vapor l i ne  
near the engine  (valve 3) . A manually controlled  fuel-tank  vent  valve 
(valve 10) was provided t o  relieve the tank  pressure when it reached a 
certain maximum due t o  accumulation of fue l  bo i lof f .  Ehergency provisions 
were included in  the system t o  eurgty the l iquid hydrogen from the tank. 
These were a manually controlled dump valve (valve 6 )  and a rupture disk 
in   the tank t o  relieve  tank pressure &UtOTIV3tiC&UY if other means of  pres- 
sure relisf fai led.  The helium  supply  necessary fo r  purging and pres- 
surizing was carr ied  in  a tank mounted  on the right wingtip. 

The JT fue l  system i n  the airplane w a s  altered t o  u t i l i ze   t he  metered 
Jp fuel flow to  control the flow of hydrogen t o  the engine.  Tbis was 
accomplished by adding a Jp fuel bypass from the exis t ing  throt t le   control  
through the hydrogen flow  regulator and back to the main JP fuel tank. 
Shutoff vdves   (vdves  1 and 2) w e r e  i n s t a l l ed   i n   t he  JP fue l  system t o  
direct  flow i n  the bypass l i ne  and i n  the main engine supply l ine .  

The hydrogen-system control  panel  installed  in the rear cockpit of 
the &plane is sham i n   f i gu re  5. In addition t o  the  basic  indicators 
f o r  engine  qperation and pressure gages for  the hydrogen system, the 
control  panel  contained a master  switch for  changing the engine fue l  
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fYom JP Azel t0 hydrogen. Also, the control  panel  contained  indicators 
for a combustible-gas-alarm  system which sampled sir i n  the wing cavity 
at several  locations  near the hydrogen f u e l  system. 

Hydrogen Fuel System 

Fuel tank and support. - The wingtip was selected far the hydrogen 
supply tank fo r  ease of installation, and it also seemed desirable as a 
safety measure i n  this f i rs t  system to  keep the fue l  supply well away 
from the engine. Further, the hydrogen fue l  tank w a s  t o  be instal led so 
that it could be dropped, and the wingtip was selected aa a satisfactory 
location  for  separation of the tank from the particular  aircraf% used for  
this work. 

Figure 6 ,  s&ws details of the hydrogen-tank construction. The tank 
had an inner"1iner made of all-welded 302 s ta in less   s tee l  t o  operate at a 
pressure of 50 p o w  per squeze inch gage. The center  section of the 
l iner  was a Zb&inch-di"ber  cylindrical  section ll$ feet long with 4& 
f oot  conical  sections added on each end. The fore  and aft t ips  were 
rounded t o  *inch radii. The aver-aJ-l tank length was 2O&feet, and the 
volume waa approximately 60 cubic feet. A conventional  type of intercos- 
tal construction was provided along the  top of the tank w i t h  standard U- 
bolts for tank support from the bomb rmk. 

Four internal  circunf'erenthl  I-sections were attached t o  the main 
intercostal  members t o   s u p p r t  the tank she l l  laterally. These circum- . 
ferential   sections were fiscontinuous at the bottom  of the tank t o  allox 
residual l iqu id   to   d ra in  along the bottom. The tank skin was welded t o  
the I-sections a t  intermittent 300 intervals sround the tank t o  allow f o r  
relative movement between the sk in  and the I-sections. 

Welding on 8 liquid-hydrogen tank must be of the highest quality 
because the joints  are subjected t o  repeated thermal ahocke aa the tank 
is f i l l e d  and emptied which can  cause failure of poorly welded joints  and 
consequent leakage of the f luid.  Accordingly, the flight-tank welded 
joints  were completely inspected by radiography. During the present  in- 
vestigation, tbe  tank waa thermally shocked LL times by being f i l led with 
hydrogen, and there was no indication of welded-joint failure. 

Details &-the tank insulation are sham in  figure 6 .  The ent i re  
tank w a s  covered with two 1-inch  layers of rigid-type expanded polystyrene 
plastic  insulation. Aluminum f o i l  was installed over the p l a t i c  insula- 
t ion,  and a four-ply resin-iqwegnated  Fiberglas  covering was placed on 
the outaide. The Fiberglas wa,s used t o  form a relat ively tight outer shell 
and t o  serve as a protective cover against aerodynamic erosion and general 

. 
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handling hazmds. The aluminum foil prevented  reaction of the  Fiber- 
resin with the plastic insulation. The external Flberglas surface was 
sanded and pafnted t o  provide a smooth ffnish. Further details of *he 
tank insulation and its ef fec t  on heat leak me contained in  reference 7. 

Two openings were provided i n  the tank, BB i l l u s t r a t ed  in figure 6. 
A dip tube  attached t o  the n l o n  w a s  ins ta l led   in  the forward opening. 
The dip tube is described  subsequently along with the pylon. The rearward 
opening  contained a rupture disk to relieve the tank if other means of 
pressure relief should fail. BE blowout-disk was designed to rupture at  
75 pounds per square inch. A tube extended to the bottom of the tank fkom 
the blowout-disk  opening BO tht wben the a s k  ruptured, l i q u i d  would be 
exhausted rather th8,n gas. A *imh-diameter metal vent tube w 8 s .  con- 
nected to the rupture-disk  outlet to exhaust the l iquid.  This tube w a s  
also used t o  exhaust all vent gas from other  parta of the hydrogen system. 
The vent  tube w&s faired along the top of the tank and exhEtusted approxi- 
mately 5 inches aft of the rear t i p  of the tank. Resin-impregnated Fiber- 
&ras cloth w a s  used to fair over the vent tube. The cavity formed between 
the  Fiberglas  cloth and the vent tube w a s  filled with "foamed-in-place" 
plast ic   insulat ion material. 

Valving; and plumbia. - Most of the plumbing for  control of the 
hydrogen system w a s  concentrated in the pylon and i n  the bomb-rack SUP- 
port ?or the tank. Figure 7 shorn a gho%bgraph of the pylon w i t h  plumbing 
installed.  This location was convenient,  since it provided  easy access t o  
most of  the valves. Also, it  was considered  appropriate 88 a safety 
measure to  concentrate  the  valves and fittings outside  the wing to  pre- 
vent a large accumulation of gas if a leak should  develop. 

F'igure 8 shows the general arrangement of the hydrogen and helium 
systems i n  the pylon. The dip tube w U c h  extends into the  tank is a 
multipurpose device. It contains three tube  connections through the top 
flange  into the tank. TKO of the connections open into  the vapor  space 
st the top of the tank and serve t o  (I) pressurize the tank. w i t h  controlled 
helium pressure from a pressure-regulating  valve  (valve 11, fig. 3) and 
(2) to reueve the tank pressure by venting off the gas through a manual-ly 
controlled  vent valve (valve 10). The third connection to the  dip tube 
extends through the dip tube  directly to the bottom of the tar& to handle 
l iqu id  hydrogen. This connection at the tap of the dip tube  branches two 
w a y s ,  so tha t  when the main f u e l  supply valve (valve 5) is open hydrogen 
Azel f lom to the engine, and when the f i l l  and dump valve (valve 6 )  is 
open the  l iquid fuel is jettisoned. The tank is ffl led by disconnecting 
this same l i n e  st the rear of the pylon and attsching the t ransfer   l ine 
from the ground supply Dexar tank. 

All the lines used to exhaust either l iqu id  or gaseous  hydrogen were 
connected into  the vent tube, which w a s  attached t o  the  rupture-disk 
out le t  as previously  described. 
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The helium  system Fn the pylon was used to  pressurize and  purge the 
tank, and t o  purge the main fie1 line  to  the  engine, Hel ium was also used 
t o  purge  the  tank  annulus between the  tank  inner shell and the Fiberg- 
outer  covering (where the  plastic-foam  insulation was instal led around the 
tank) to  replace  the air which  would have liquefied  against the tank  inner 
shell when l l q u i d  hydrogen was introduced  into  the  tank. Reference 7 
presents  additional  discussion  regarding the effects on heat transfer of 
helium and air fn  the tank annulus. 

- 

The dip  tube served not only to handle the flow of l iquid hydrogen 
i n  and out of the  tank,  but a l s o  t o  d e t e r m i n e  the l iqu id   l eve l   in  the 
tank by meam of capacitance measurements. Figure 9 s h m  details of the 
dip tube. It was fabricated of' three  concentric stainless-steel tubes 
held  in  posit ion by four  equispaced Teflon rfngs. Holes  were d r i l l ed  i n  
the two outer  tubes above and below each  spacer t o  en6ure that the f u e l  
would aeek the same leve l  in the annulus between the tubes ae in the tank. 
Electr ical  leads were attached to the tube6 and extended  out of the  top 
flange of the dip tube  through  glass-fused terminals to   the  fuel- level  
ind ica tor   in  the cocQi t .  

All the valveer used i n  the hydrogen system were commercially avail- 
able valves, some of which were altered fo r  this application. The valve 
used t o  handle l iquid hydrogen and cold hydrogen gas i a  sham in   f igure 
lO(a). This type of valve was ut i l ized  for the hydrogen supply  shutoff 
i n  the pylon (valve 5) and at the engine manif old  (valve 3), f o r  tank 
f i l l i n g  and dmping  (valve S),  and fo r  tank venting  (valve 10). The valve 
contained  Bakelite s p x e r s  t o  insulate  thermally the pneumatic q e r a t o r  
i n  the warm helium side of the valve from the  cold  valve body t o  prevent . 
freezing the neoprene  O-rings in the  operator. L i m i t  switches were in- 
stalled on the valve shaft t o  povide  a cockpit  Indication of the f u l l y  
opened and f u l l y  closed  positions of the valve. 

The type of valve used for fuel-l ine purge  (valve la) and fuel-l ine 
vent  (valve 8) is sham i n   f i gu re  lO(b) . This valve w a s  furnished com- 
mercially  with a neoprene diaphragm i n  the q e r a t o r .  It w a s  a l t e r ed   t o  
u t i l i z e  a piston operator with a Teflon 0-riq. Other O-rings in the 
valve w e r e  also  changed t o  Teflon and two microswitches w e r e  ins ta l led on 
the  valve stem to   ind ica te  the valve  position. 

The pylon plumbing system was arranged so that the "cold"  valves and 
plumbing  were grouped i n  the rear part of the  pylon and the h e l i u m  control 
valves in  the fore  part of the  pylon. "Foamed-in-place" plastic  insulation 
was used around the  cold  valves and l ines t o  reduce  heat leak ( f ig .  7 ) .  

Heat exchanger. - A photograph of the heat-exchanger Instal la t ion i n  
the m u n i t i o n  bay of the  outer wing is shown in figure 11. The heat 
exchanger consisted of 28 integrally  finned copper tubes of 5/8-inch in- 
side diameter and 12  inches long. The liquid hydrogen entered a stainless- 
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s t e e l  manffold on the bottom and passed  through the finned  tubes t o  a 
similar manifold on the top. The l iquid hydrogen was vaporized by ram 
air passing Berms the  finned  tubes. A detailed description of the heat 
exchanger dong with &cussion of its operation with hydrogen under simu- 
l a ted  a l t i t ude  conditions is given in  reference 8. 

A ram-air scoop w a s  ins ta l led  Over the heat exchanger and fastened 
t o  the wing structure as aham i n  figure 12. BE ram-& duct w a s  designed 
for  a maximum airflaw of 1.75 pound8 per second for a flight Bkch  number 
of 0.72 at 50,000 fee t .  A mass airflow control   f lap was instal led on 
the rear of the duct so that the ram-air flaw could  be  restricted when 
hydrogen was first introduced  into the heat exchanger during flight i n  
order to  increase the rate of cool down to  the  steady-state  qperating 
conditions. 

Hydrogen regulator  md JP Azel system al terat ion.  - The bydzogen 
regulator is sham in   f igure 13. It is essentially a ra t io   control ler  
which u t i l i zes  the normal Jp me1 flow for   the  engine to   cont ro l   the  hy- 
drogen  gas flow from the heat exchanger. Thus, during  operation on hydro- 
gen, the JP fuel flow requirement,  as metered by the normal engine control 
system, is bypaesed through the hydrogen regulator and discharged back t o  
the main Jp f u e l  supply  tank. The regulator has two para l le l  flow passages , 
each containing a piston and orifice  interconnected by a lever arm. A 
force  proportional t o  the metered JP fuel f l o w  is transmitted through the 
lever arm to  aperate a variable-area valve in  the hydrogen side. The 
variable-area  valve  then meters enough hydrogen flow across the piston  in  
the hydrogen side t o  balance the force from the JP fuel side. In addition, 
the hydrogen side of the regulator  contains a temperature-compensating 
or i f ice  that UOWB increased volume flow of hydrogen  gas during the i n i -  
tial period of operation when the  ent i re  system is being  cooled from the 
ambient temperature t o  the equilibrium  operating  temperature of approxi- 
mately 50° R. Reference 9 gives a complete discussion of  the hydrogen- 
regulator  design and operation. 

A shutoff  valve  (valve 2) was provided in  the Jp f u e l  bypass l i n e  as 
w e l l  as i n  the m&n JP f u e l  line t o  the englue  (valve I) so that the Jp 
f u e l  flow could be directed from the engine t o  the hydrogen regulator when 
the change t o  hydrogen Rzel was made. An or i f i ce  w a s  installed i n  the Jp 
fue l  bypass line to match approximately  the  pressure drop in the main J€’ 
f u e l  =ne t o   t h e  engine so that JP fuel flow through  engine  speed  control 
would be within the governing  range of the speed control when the engine 
fue l  was changed t o  hydrogen. 

Fuel and vent lines. - Construction  details of the vacuum-jacketed 
l i ne  that carr ied  l iquid hydrogen from the pylon to the heat exchanger 
are  shown i n  figure 14. This fuel l i n e  was made up of two concentric 
stainless-steel   tubes.  The inner  tube was 1 inch i n  diameter and the 
outer tube 2 inches i n  diameter. A bellows w a s  installed on the  inner 
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line t o  accommodate contraction aa the  line waa cooled to liquid-hydrogen 
temperature.  Bakelite  spacers  held the inner  tube  concentric  with the 
outer  tube. 

The flange construction  for  the  special  vacuum-jacketed l i n e  is also 
sham on figure 14. Two flat -f aced flanges containing a double hollov- 
metal O - r i n g  seal w e r e  used t o  connect the l ine   sec t ions .  The flanges 
were held together by a V-band clamp. The annulus formed  between the two 
O - r i n g s  was connected t o  the f%el-tank vent tube so that any leakage which 
might develop acroBs the inner O-ring would be  vented  overboard. The 
flat-flanged  type of j o i n t  used is a higher-heat-le&  joint  than the 
bayonet-type jo in t  commonly used i n  cryogenic plumbing. However, the 
bayonet-type  joint waa not easily adaptable t o   t h e  aircraft i n s t a l l a t ion  
because of space  limitations fnr assenibly, and heat leak of the flanged 
jo in ts  x88 not objectionable. 

The fuel line "tream of' the heat exchanger for gaseous hydrogen 
contained the same type of Joint  construction,  but the l i n e  w a 8  a single 
tube without p rwis ion  f o r  vacuum jacketing or  insulation. 

The vent system in the pylon used t o  vent hydrogen gas w a s  constructed 
of aluminum tubing w i t h  machine-flared  joints  and  standard aircraft 
f i t t i n g s  . 

Ehgine Modifbat Fons 

The basic  engine  modifications fo r  use of hydrogen fuel are  sham i n  
figure 15. The JP fuel is normally injected  into the engine through 1/4- 
inch-diameter tubes, which discharge  into  vaporizer  tubes  in the engine 
combustor section.  Similar  1/4-inch-diameter  tubes were added f o r  the - 
introduction of hydrogen gaa. A apecial  d=-inch-diameter stainless-&eel 
manifold w a s  ins ta l led  around the  engine  and  connected to   t he   i n j ec t ion  
tubes by means of standard flexible metal lines. The gaseous hydrogen 
from the  fuel  regulator was conducted d i rec t ly   to   the  manifold.  Further 
details  regarding  modification of the  engine are given in  reference 10. 

4 

Helium System 

The f u e l  system  required a supply of helium for  valve  operation and 
purge of the hydrogen tank and l ines .  This helium supply w a s  ca r r i ed   i n  
24 Fiberglas  spheres  each w i t h  a volume of 880 cubic  inches, which  were 
charged t o  a pressure of 3ooo pounds per  square  inch and mounted i n  a 
modified tank suspended *om the right wingtip. A photograph of the  tank 



NACA RM FS7Fl9a 0 9 

mounted on the  wingtip of the  airplane is sham Fn figure 16. This In- 
s ta l la t ion   a l so  provided aerodynamic symmetry for  the hydrogen fuel  tank 
mounted  on the left  wingtip. Two of the 24 spheres were isolated from the 
common manifold for emergency use snd could  be made available by operation 
of explosively  actuated  valves  (valves 17, f i g  . 3) . 

The pressure-regul~~ting system (fig. 3) reduced the suppw pressure 
through apprqpriate  pressure-reducing  valves (valves 15 and 16) f o r  

, purging and pressurization. A rupture disk w a s  i n s t a l l ed   i n   t he  supply 
line  (pressure, 150 Ib/sq  in.)  to  protect  against  overpressure due t o  
possible maHunctFoning of the pressure  regulators, and a rellef valve 
(valve 14) waa also incorporated i n  series w i t h  the rupture disk t o  pre- 
vent t o t a l  loss of helium should the supply return t o  normal after burst- 
ing  the disk. 

Fuel Loading 

In preparatfon  for loading the wingtip  tank with l iqu id  hydrogen, 
the a i r c ra f t  w a s  moved t o  an area w h e r e  the vent at the rear t i p  of the 
tank could be connected to a special ground vent system. This  vent  system 
exhElusted in an open area w e l l  separated from the airplane si te and was 
located so that the gas would be  vented in  a safe  direction. 

The vacuum-jacketed t ransfer  line fkom the portable ground supply 
Dewar tank w a s  attached to  the tank f i l l i n g  connection  located at the rear 
of the pylon (f a s .  3 and 8) . With the transfer  line connected, the en- 
t i r e  system, including the transfer line, the wingtip tank, and the ground 
vent  lines, w a s  purged w i t h  helium gas by pressurization of the tauk and 

. exhausting of the gas through the ground vent system. The =quid was then 
transferred from the Dewar tank t o  the wingtip tank. During this f i l l i n g  
period  the  vent remained open to exhaust the  boiloff gas w e l l  away f r o m  
the  airplane as the tamk cooled and thus  maintain  essentially atmospheric 
pressure  in the tank. Figure 17 s h m  the arrangement of equipment during 
the f i l l i n g  procedure.  Continuous leak checks of the  pylon area were msde 
during the f i l l i n g  process  with a portable  cambustible-gas  analyzer. 

When the  tank was f i l l e d  with hydrogen, the transfer l i n e  and portable 
Dewar tank w e r e  remwed. The tank was allowed t o  vent at atmospheric pres- 
sure   unt i l  the engines were started w i t h  Jp f u e l  and the s i r c ra f t  was ready 
fo r  taxi. At that t i m e ,  the vent  valve was closed t o  allow pressurization 
of the  tank t o  begin, and the ground vent  system was detached from the 
rear t i p  of the tank. A previous fuel-tank investigation  (ref.  11) had 
shown that venting pf gas from the tank would not be required  until  the 
airplane was alrborne. This procedure of f i l l i n g  and storing  the  fuel 
eliminated  the  necessity  for  venting hydrogen gas near the airplane  except 
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during the flight condition when suff ic ient .  airflow was available  to  pre- 
vent direct  hydrogen contact w i t h  possible  ignition  sources on the 
airplane. 

During  climb the flight engineer  vented t h e  tank as F t  approached 
rnsximum pressure by manually operating  the  vent  valve. I n  t h i s  way safe  
tank pressures were maintained. 

Transition from Jp Fuel t o  Eydrogen 

When the airplane had reached the cruise a l t i t u d e  of approximately 
50,000 fee t ,   t rans i t ion  from engine  operation with JP fue l   to  hydrogen 
was accomplished  according to  the  procedure established in previous  test- 
chauiber s tudies  ( r e f .  10). Each s tep was accomplished i n  a s L q l e  manner 
by systematic advancement Of the master switch on the rear  cockpit  control 
panel. This switching  system was arranged t o  accoql i sh   the   fo l la r ing  
steps for each  successive  switch  position: 

(1) Hydrogen fuel- l ine and tank  pressurization  with helium 

(2) Helium purge of hydrogen fuel =ne 

(3) Change t o  dual f u e l  operation (Jp fie1 and hydrogen) 

(4) Complete operation on hydrogen 

When cruise on hydrogen was complete, t r ans i t i on   t o  J€' f u e l  opera- 
t ion was accomplished i n  the following steps: 

(5) Change t o  JP fuel  operation and hydrogen-line  purge w i t h  helium 

(6) Closing of hydrogen f u e l   l i n e  

(7) Dumping of res idual  fuel i n  tank 

(8) Pressurization of hydrogen tank with helium 

Obviously, to  accoqplish  these  transition  steps,  multiple-valve 
operations were required  for most of the  master-switch  positions.  In  order 
to  ensure that each  valve in the system w a s  functionfng  properly for each 
sequence position, an indicating light was i a s t a l l ed  above the master 
switch  for each c r i t i c a l  valve  (fig. 5 ) .  The e l ec t r i c   c i r cu i t  was axranged 
so that for each  master  switch  position the light w a a  "on" when the valve 
represented 'Dy it was i n  the correct opened o r  closed posftion. These 
valve lights were actuated  directly f'rom the microswitches mounted on 
valve stem, as described i n  the section "Valving  and plumbing", so that 
t h e  light indications  represented  actual mechanical movements of the 
valves. 
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Fuel  tank and line pressurization. - The master switch w a s  advanced 
t o  position 1. The line purge  valve  (valve 18, figs 3 and 8 )  w a s  thereby 
opened, and then  the  pressure WBB. adjusted  (valve 13) t o  5 pounds per 
square inch above the compressor-discharge pressure. The tank was pres- 
surized  with helium gas t o  50 pounds per  square  inch by merely adjusting 
the  tauk purge pressure reducer (valve to the proper pressure. 

Purge of hydrogen fuel line. - By advancing the master  switch t o  
position 2, w i t h  the  engine  operating on JP fuel, the hydrogen manifold 
valve  (valve 3) w a s  opened t o  al low a flaw of. helfum g& through the hy- 
drogen f u e l  line and direct ly   into the engine. The helium pressure was 
then increased  (valve 13) to 50 pounds per square  inch f o r  approximately 4 minutes, w h i c h  was  considered  sufficient time t o  purge all air f r o m  
the hydrogen f u e l  system. 

Dual fuel  operation. - After the hydrogen f u e l   l i n e  w a s  purged with 
heLium gas, the master control  switch was advanced t o  the next  position 
t o  accouplish  the  following  simultaneously: 

(1) Close the hydrogen-fuel-line purge valve (valve 18) 

(2) open the hydrogen-fiel-supply  valve  (valve 5) 

(3) Open the Jp f u e l   v d v e   t o  the hydrogen regulator  (valve 2) 

This vdve  action  simultaneously  provided  initial hydrogen flow t o  the 
engine and provided Jp fue l  flow through the hydrogen fuel   regulator   in  
addition to  the normal JP f u e l  flow t o  the engine. This condition of 
d u a l  f u e l  operation was rnaintatned un t i l   t he  hydrogen f u e l  system had 
cooled t o  a s tabi l ized temperature. 

Operation on hydrogen fuel .  - When operation had stabi l ized at the 
dual fuel coudltion, the next step merely closed the JP fuel manifold 
valve  (valve 1) and- thus terminated the Jp f u e l  f l o w  t o  the engine. Under 
this condition of operation, the ent i re  Jp f u e l  flow from the engine-speed 
control  passes through the hydrogen regulator back t o  the main JP Are1 
tank and serves  to regulate engine speed by controlling the  quantity of 
gaseous hydrogen passing through the regulator to  the engine. 

Change from hydrogen t o  JT fuel. - To change back to JP fue l  the 
previously  describedprocess was reversed,  except that the two-step opera- 
t ion  required  to  change t o  hydrogen fue l  (to a t ta in   s tab i l iza t ion  after 
cool down) could be accomplished i n  one step. ThU, the next advancement 
of the master control  switch  simultaneously 

(1) Shut off JP f u e l  flow t o  the hydrogen regulator  (valve 2) 

(2) Opened Jp fue l  flaw t o  the engine (valrtre I) 
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(3) Closed the hydrogen supply  (valve 5) 

(4) Opened the  hydrogen-fuel-line helium purge  (vslve 18) 

After the hydrogen f u e l  l i n e  w a s  adequately purged, the hydrogen manifold 
valve was closed  (valve 3). 

Securing the fuel  tank. - To maintain 88 safe a system as possible 
before  landing, the fuel  tank w a s  emptied and thoroughly purged. Any 

rb 

remaining l iquid hydrogen ma jet t isoned through the vent- tube by opening m 
the dump valve  (valve 6 ) .  A small amount of l i qu id   i n  the bottom of the a 
tank  could  not  be  Jettisoned,  since  the  dip  tube  extended to  within only 
1/4 inch of the tank bottom. Therefore, the final helium  purge during 
flight w a s  delayed as long as feaaible   to  allow as much time as possible 
for the last remaining l iquid to evaporate. During the tank-purging 
process care w a s  exercised t o  close the vent at a pressure  well abuve 
atmospheric to prevent possible backflow of sir in to  the tank. The tank 
w a s  kept  closed  during  the Landing  and taxi period. The sirplane wa8 re- 
turned  to the fue l  loading area, where the ground vent system w a s  attached 
and additional helium purges w e r e  accomplished. 

r 

During these i n i t i a l   f l i g h t   s t u d i e s  a number of safety memures were 
taken that experience mey e h m   t o  be unnecessary. However, in   these early 
f l i gh t s  an  extremely  cautious approach wa8 used t o  ensure,  insofar as gos- 
sible ,  a safe operation. I 

Some of the safety  precautions were incorporated  into the basic fuel- 
system  design. These included the remote wingtip  location  for the fuel 
tank and the provision  for droppfng the  tank. The only m a d o r  connection 
between the tank and the pylon was the single  dip-tube opening. This 
opening was sealed by means of a large metal bellows, which would rupture 
upon separation of the tank from the wing and allow the tank t o  drop free 
of the dip tube which  would remain with the  pylon. 

A combustible-gaa-dm system w a s  ins ta l led  to monitor continuously 
four se lec ted   c r i t i ca l  areas during the ent i re  ground and flight procedure. 
A simple  schematic drawing of this system is s h m  in figure 18. Sample8 
were continuously drawn from the wingtip mea, from each of the two ven- 
t i l a t i o n   l o w e r s   i n  the gun bays adjacent  to  the ammunition bay, and from 
the engine compartment  above the hydrogen-manifold connections. These 
samples were then  cyclically  passed tbrough the gas a l a r m  located  in  the 
cockpit. The cycling  function of the system w a s  indicated t o  the flight 
engineer by the zone lights on the control panel (fig. 5), and any sample 
containing a hydrogen concentration higher than 40 percent of the lower 

I explosive limit would be indicated by the combustible-ga8-d- light on 
the  panel. 
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B general, nearly all electr ical   somces of ignit ion were eliminated *om the w i n g  area. Exceptions to this were the e lec t r i ca l  le& from 
the microswitches  used for  valve-position  indication and the electrical 
system used f o r  Fuel-tank  liquid-level measurement. In both  ceses the 
e lec t r i ca l  connections were made within  an  enclosed  conta3ner which W&B 
then  inerted  with  low-pressure helium gas. 

All of the valves in the pylon and dug 8rea were pneumEttlcSlly 
operated using helium gas 88 the  operating medium. 

8 
d The fuel-supply  line exbending f r o m  %he tank t o  . the  engine was con- 

structed w i t h  a mfnimum n m h r  of joints .  The fuel- l ine  joints  were de- 
signed  with a double O-ring seal and a bleed  tube from the annulus between 
them, specifically as a safety'measure (fig. 14). In  addition, the two 
joints  in  the  l iquid  portion of the fuel l i n e  which were located in the 
wing cavity were further protected by the   ins ta l la t ion  of a ventilation 
hood over  each joint .  A tube WRS connected f r o m  the  top of the hood t o  
a low-pressure area overboard'to  create  continuous  circulation away 
*om the  joint  area during  flfght. This system would not  protect  against 
complete jo in t  failure, brrt would prevent  accumulation of gas i n  the w i n g  
cavity due to a small leak caused possibly by relative movement of the 
w i n g  structure and the f u e l  l ine .  

(0 

. 

Positive  ventilation was also created  in the general wing and pylon 
areas by the addition of louvers on the external skin. The vent i la t ion 
louvers on the pylon are shown i n  figure 4. A high volume of purge air 
w a s  supplied t o  the area where the heat exchanger and fuel regulator were 
mounted  by opening the ammunbtion-bay ram-air door 8t the wing leading 
edge. 

The multiple  purging  procedures fo r  the fuel tank discussed under 
FZTEL-SYSTEM OPERATION might well be  considered  impractical fcz a design 
incorporating a Large fuselage tads. Exever, this purging WSB deemed 
advisable at the present  stage of development. 

Before  and after each flight the ent i re  hydrogen fuel system w a s  
checked f o r  leaks t o  ensure  tightness of  a l l  joints  and connectlous. A 
mass-spectrometer leak detector was used w f t h  the system f i l l e d  with 
helium  gas at a pressure of 50 pounds per  square  inch. 

A l l  the f l i g h t  measurements were recorded on a multichannel tape 
recorder mounted  on the  rotary-type bomb-bay door.  Figure 19 shows the 
ins ta l la t ion  of the tape recorder  with its assmisted  electronic  amplifiers, 
osci l la tors ,  and power supplies. Continuous records or point  records of 
the measurements could be m a d e  using a remote control  located  in the c6ck- 
p i t .  The recorder  carried  sufficient  tape  to  operate  continuously for 
48 minutes. 
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The Plight measurements included: 

NACA RM E57F19a 

(3) Bypass JP-fuel flow 

(4) Hydrogen-fuel-tank pressure 

(5) Wdrogen Venturi-inlet   total  and static  preseure 

(6) Heat-exchanger air-scoop-inlet  total and s t a t i c  pressure 

(7) Air-pressure drop  across  heat-exchanger  core 

( 8 )  Eydrogen l iquid temperature i n  tank at six levels 

(9) Hydrogen fuel  temperature at Venturi inlet 

(10) Air-temperature  drop  across  heat-exchanger  core 

The measurements were directly  transduced  into andog e lec t r ica l  
signals, which were amplified,  filtered, and impressed on magnetic tape. 
After the flight, the process was essentially  reversed by playing back 
the tape through electronic equipment, which transcribed the measurements 
onto a continuoualy recording oscillograph. Details and aperation of this 
data-recording  apparatus are given i n  the appendix. 

Carbon resis tors  were used t o  sense the temperature of the l iquid 
and gaseous hydrogen below -150° F. Changes of resistance  in  the carbon I 

provided more signal  sensitivity  than  conventional thermocouplee would at 
these low temperatures. 

The pressure  transducers used fo r  measuring hydrogen pressures were 
connected w i t h  a minimum of 24 inches of stainless-steel   tubing  to sllar 
warming of the gas, since the cold-gas  temperature  seriously  effects the 
transducer  calibration. 

Sever& operational problems with  the  wingtip  tank and fue l  system 
were studied  prior t o  f l i g h t  engine  operation with hydrogen f u e l   i n  mder 
t o  ensure a minimum of operational  difficult ies during flight. The effect  
of the hydrogen wingtip  tank on the  airplane  handling and wing s t ab i l i t y  
was studied. Also, a wind-tunnel  study  of the  separation  characteristics 
of the tank w a s  made. In  addition, comprehensive fuel-flaw  studies of 
the complete hydrogen system w e r e  made t o  develop  confidence i n  the syetem 
before the final f l i gh t  phase of the program. - 
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Airplane Wdling and W i n g  Vibration 
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Several  significant  differences. existed between the bydrogen fuel 
tat& and the Jp win@;tip tank normally used on the airplme which necessi- 
tated aerodynamic studies. The hydrogen w i m i p  tank was much longer 
than the tank normally used on the airplane. It was  30 inches i n  diameter 
and 23 feet long (outside dimensions), where= the normal JP- fue l  tank is 
32 inches i n  diameter and 14 feet long. The hydrogen tank was suspended 
from a pylon support, while the conventional tank nestles flush with the 
bottom surface of the w i n g t i p .  The full hydrogen f u e l  tank,  pylon, and 
plumbtng weighed approximately LOO0 pounds as opposed to  the conventional 
full-tank weight of 2300 pounds. 

Mockup f u e l  tanks w e r e  substi tuted on the airplane for the insulated 
tanks to  accotqlish the initial aerodynamic flight tests. . Figure 20 shows 
a mockup tank mounted  on the airplane  wingtip. To preserve symmetry of 
balance and geometry, ident ical  mockup tanks were mounted  on each  wlngtip. 
These tanks were ballasted to simulate the w e i g h t  and moment of i n e r t i a  
of the insulated kydrogen tank fi l led with fuel .  

The airplane was flown with and without the mockup wingtip tanks so 
that the pUot  could compare handling characteristics. After the  p i lo t  
w-as satisfied that the wingtip tank installation  created 110 general han- 
dling problems, the effect of  the mockup tanhs and the insulated  tank on 
the wing s t ab i l i t y  was checked. Accelerometer6 w e r e  mounted  on the w i n g -  
t i p  and i n  the fuselage t o  measure the wing vibrations, and a multichannel 
tape  recorder connected to accelerometer amplifiers continuously  recorded 

moving the elevator  controls. Although the p i l o t  experienced  difficulty 
i n  imposing great enough change i n  acceleration to excite the w i n g  in to  

show a s t ab i l i t y   c r i t e r ion  within the proposed  range  of flight conditions. 
The results indicated that for  the range of flight  conditions  considered 
f o r  this airplane  there was no cri t ical  wing f l u t t e r .  

- each  acceleration. The wing vibrations i n  flight w e r e  excited by abruptly 

- a free  osci l la t ion by th i s  method,  enough data points w e r e  obtained t o  

Tank  Separation 

A calculation of the forces on the tank  in  its normal position on 
the wing, based on estimated aerodynamic coeffickents,  indicated that upon 
separation the nose of‘ the tank would yaw out and pi tch up and that the 
tank would t rans la te  outward away from the win@;tip. 

A tank  separation study wae conducted i n  a 6- by 9-foot wind tunnel 
with a 1/6-scale model to  verify  these  calculations.  A semispan of the 
a-plane w i n g  w a s  cantilevered f r o m  one side of the tunnel w a l l  so  that 
the tank model was located  approximately on the centerline of the  tunnel 

correct scaled weight and moment of iner t ia .  
- test  section. The tank was constructed of wood and steel to simulate  the 
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Tank separations were made fo r  several. flight conditions  covering 

the full-scale range of airspeeds and associated  angles of attack pro- 
posed for the hydrogen flight investigation. 

- 

The wind-tunnel results  corroborated the estimated motion of  the 
tank and f o r  none of the simulated flight conditions  did  the  tank  strike P 
any part of the pylon .or wing during  separation. From these results it 3 
w a s  concluded that it would not be necessary t o  put  stabilizing  fina on CI; 

the  tank. 

Preliminary Fuel-System Flow Studies 

Prior t o  instal la t ion  in   the  a i rplane,  the complete fue l  system w a s  
assembled i n  a M o r a t o r y  facility and  used t o  operate  the flight engine 
under simulated  altitude  conditions. Nearly all the operational  design 
features w e r e  perfected  during these operations. Tbe changeover from JP 
f u e l  t o  hydrogen w a s  made many times t o  ensure r e l i a b i l i t y   i n  the opera- 
tional technique. The results of t h i s  work are reported  in   detai l   in  
reference 10. 

Subsequent $0 the laboratory  functional tests the fuel  system waa 
installed i n  the research  airplane. The airplane was  flown several times 
on Jp fue l  only, a f te r  which a nonburning flow check was conducted on 
the ground to  verify that the system was leak proof and that the flow 
regulator  operated  satiafactorily . The fue l  tank was  f llLed with hydrogen 
and pressurized with helium gas as would be done during flight. Ueing the  
m a s t e r  control s w i t c h ,  the operator  duplicated  the flight procedure t o  . 
change *om JP f u e l   t o  hydrogen. The flow of hydrogen  through the system 
merely bypassed the engine and WEIS exhausted as a gas from the ground 
vent system w e l l  may from the airplane. The proper JP f'uel flow through 
the regulator was  established  without  engine  operation, and the response 
of the  regulator for  proper  contrcl of hydrogen flow w a s  sat isfactor i ly  
established. During the  operational  period with hydrogen, t he   en tke  
system was checked for leaks. 

- 

The f i r s t   f l i g h t s  using  the system consisted of dry  rune  without 
hydrogen fue l .  The purpose was t o  check the operation of the components 

8 at the  a l t i tude and flight  conditions  for which they were expected to  
operate and to  test   operation of' the JP fue l  bypass  system. The fuel  
tank wa13 f i l l ed  w i t h  he l ium gas instead of hydrogen fuel .  The flight 
engineer  duplicated  the  exact changeover procedure that would be used 
for  hydrogen fuel .  Thus, when the system was switched t o  the dual fue l  
position (as described under FUEL-SYSTEM OPERATION) engine  speed dropped 
to  idle,   since  fuel from the hydrogen system was not  available t o  the 
engine. O f  course, when the system was switched t o  f u l l  hydrogen opera- 
tion, the engine flamed out, b u t  operation of valves In the system 
could be established by this procedure. 
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These f l i gh t s  did reveal a problem not  previously  discovered. The 
low temperature at high altitudes  presented a difficulty  with the helium- 
pressure-regulator  valves i n  the  tank-pressurizfng system. The existing 
rubber diaphragms in   the valve became too  stiff t o  operate at the  tank 
pressure of 55 pounds per square inch. They were replaced w i t h  0.020- 
inch-thick neoprene-impregnated nylon-cloth diaphragms, which  were exten- 
sively  tested  in  the  laboratory  at   dry-ice temperatures. 

Leak checks were conducted on the  entire system a f t e r  each flight 
using helium gas in   the  system t o  ensure tha t  gross wing flexure and 
vibrat ion did not  create  leaks. 

The f u e l  system designed fo r   t h i s  flight investigation w a s  t o  supply 
one airplane  turbojet  engine  with enough hydrogen f u e l  t o  operate  for 20 
t o  30 minutes at 98 percent of ra ted speed at an a l t i tude  of 50,000 feet 
and a flight Mach  number of 0.72. In  order t o  satisfy thls requirement, 
the wingtip fuel tank was constructed  to  contain about 200 pounds of hy- 
drogen f u e l  at takeoff - The airplane  took off and climbed on Jp f u e l   t o  
50,000 f ee t ,  where the pilot shif ted one engine over to hydrogen f u e l .  
The taxi, takeoff , and climb periods combined averaged  about 55 minutes, 
which then  constituted the storage time of the hydrogen fuel on the air- 
plane from the completion of fueling to use i n  the engine. 

The climb and operation of the  engine on hydrogen was conducted  over 
Lake Erie. A airplane flew  beside  the  resemch airplane t o  ob- 
t a i n  motion pictures and report  visual  observations during the  operation 
on hydrogen fue l .  These comments were received by both a ground s t a t ion  
and the research  airplane. The conversations between the airplanes and 
the ground s ta t ion  were recorded on a tape  recorder on the ground. The 
comments of the crew In  the  research  airplane were also  recorded on the 
data  tape  recorder i n  the airplane. 

Three flights were made on which the whole supply of hydrogen fuel 
w a s  burned  and the system  functioned i n  a completely satisfactory manner. 
Data were obtained t o  show the effects  of the hydrogen fuel on engine 
operation and on the performance of the major system components. Data 
w e r e  taken  during changeover from Jp fuel t o  hydrogen and also during 
steady-state  operation and t h r o t t l e  transients.  In  addition, comparfsons 
of fuel-storage data and  heat-exchanger  performance with ground f a c i l i t y  
resul ts  were obtained. 
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Fuel  Venting 

As described under FUEL-SYSTEM OPERATION, the wingtip  tank w a s  closed 
a f t e r  the liquid-hydrogen filling procedure wa8 completed and the airplane 
w a s  ready fo r  taxi. When the design  pressure w a 8  reached, the tank  vent 
w a s  opened and hydrogen gas escaped  out the  vent  tube;  this  resulted  in 
a loss of  available fuel. Thus, the rate of  pressure  increase  directly 
affected the time the fuel could be stored before venting w a s  required 
(no-loss  time). The results presented i n  reference 12 describe the effect  
of agitation of the l iquid  on reducing the rate of  pressure  buildup. The % 
data obtained  during the flight investigation  indlcate that motion of the 8 
airplane  during flight and particularly  during  the taxl period  caused 
enough agitation t o  reduce  the rate of pressure  increase  in the tank sub- 
s tan t ia l ly .  The data presented In figure 2 1  coqa re  tank  pressure-time 
his tor ies  w h i l e  the airplane w a s  stationary and while it w a s  taxiing. 
The vent W&B closed at zero time. Tihe sharp changes i n  slope of the 
pressure-rise  plot  during  taxi are caused by varying  degrees of fue l  
agitation. During the %minute taxiing  period, which s ta r ted  immedi- 
ately &ter closing of the vent, the  pressure  reached 30 pounds per  square 
inch  absolute. By comparison, for   the same period of time the  stationary 
tank reached 50 pounds per  square  inch  absolute,  or  nearly the design 
pressure. It is interesting  to  note  the sharp pressure rises while  the 
akplane  w a s  parked pr ior   to  takeoff' and immediately upon being 8irbOr1~.  
The slope of the pressure-rise p lo t  during these  periods approximately 
matches the slope of the stationary-tank  curve. 

The pressure-time  history of the entire  no-loss  period, which is the I 

time beginning when the vent w a s  in i t ia l ly   c losed  unt i l   the  tank w a s  first 
vented  during  climb, is shown i n  figure 22. In  addition t o  the change i n  
rate of  pressure r tse during taxi  described In figure 21, the   effect  of 
ah? turbulence and possibly, t o  a lesser  extent, the eflect of  mild air- 
plane maneuvering are apparent on the airborne  portion of the plot. For 
th i s  flight the no-loss period vas 171 minutes. 2 

A time history of the  tank  pressure for the ccmplete  climb period 
during  another flight is sham  in   f igure 23. These data show that eight 
vent ings were required  during  the 55 minutes of climb t o  50,000 f ee t .  
The pressure at which the vent wa8 opened and closed waa arb i t ra r i ly  
selected by the   f l ight  engineer and obviously differed each time the tank 
was vented. The ah- pressure  reduction  after  the ffrst venting w a s  
caused by a moderate turbulence of the aLr and  not by venting. This tur- 
bulence  reduced the tank pressure from 42 t o  37 pounds per square inch 
absolute. These results  indicate  the importance of the effect  of agitation 
of the  llquid on the no-loss  period and consequently on f u e l  10s~. . 

The fact that   agi ta t ion of the fuel  tank  causes  significant reduction 
in the rate of pressure rise indicates that the liquid is not in   equi l ib-  
rim. The data presented i n  figures 2 1  t o  23 illustrate that varying 
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degrees of agitation correspondingly affect  the pressure rise. Reference 
12 descr ibes   th i s   e f fec t   in   de ta i l  and shows that violent  agitation .of 
l iqu id  hydrogen i n  a t ank   resu l t s   in  the pressure rise following very 
closely the calculated  equilibrium  pressure-temperature  curve. During 
the flight investigation measurements  were made of vaziation  in tempera- 
ture of the l iquid  between the bottom of the tank and the  surface. Fig- 
ure 24 presents these temperature measurements plotted  against  pressure 
compared t o  the calculated  equilibrium  curve. A t  the lower tank pressures 
(25 t o  30 lb/sq in.  ) the measured values  approdmate  the  theoretical 
values, bu t  mez the maximum tank  pressure (55 lb/sq in. 1 the measured 
temperatures are nearly 5O R belm the equilibrfum  temperature. It is 
believed that at the surface of the liquid  pressure and temperature are 
i n  full equilibrium, but that the equilibrium layer is very thin. Thus, 
measurement of the  liquid  temperature  in the controlling  surface would be 
extremely difficult,  especially  during flight, when the  l iquid is i n  
mot ion. 

A continuous record of the quantity  of fie1 in the tank w a s  made 
throughout the flight by use of the  capacitance-type  level  indicator  in- 
corporated w i t h  the dip  tube. A time  history of the  fuel  quantity is 
s h m  in  f igure 25. When the vent w a s  i n i t i d l y  closed the tank contained 
207  pounds of fuel. When the airplane w a s  at cruise a l t i t u d e  and the 
engine started to  operate on hydrogen, the tank contained 174 pounds of 
fuel. The venting  losses amounted t o  33  pound^, or  16 percent of the 
ini t ia l   quant i ty .  Data during  the climb period  are not shown because the 
airplane  angle of attack caused the l iqu id   to  change leve l  at the  dip 
tube and introduced a large error.  

w i n e  Speed and Tailpipe Temperature 

Figure 26 shows the ef fec t  of the fue l   t r ans i t i on   t o  hydrogen on 
engine  speed ana tailpipe  temgerature. During the first 1L minutes the 
f u e l  tank was pressurized  with helium gas. Next  the h el l i n e  was  purged 
with  helium  gas. A t  this point  the  engine  speed and taflpipe  teqperature 
increased momentarily. This w a s  caused by injection of a small amount 
of JT fuel, which flowed  back from the  vaporizer  tubes  into  the hydrogen 
system  during  JP-fuel  operation. The helium  purge  then  forced this JP 
fue l   in to  the combustor, mere  it enrlched the mixture. During thi6 
period the ta i lpipe temgerature  mmentarily  increased to 650' C. This 
is well below the established l i m i t  o f  8000 C fo r  a momentary peak 
temperature. 

3 

The fue l   l ine  was purged f o r  apgroximately 1~ minutes, a f t e r  which 1 

the  engine was shif ted to dual fuel  operation t o  burn  both Jp fue l  and 
hydrogen. To accomplish this change, the JP-fuel flow was s p l i t  (as de- 
scribed unaer FUEL-SYSTEM  OPERATION) causing a momentary losa of JP fue l  
to the combustor. This resul ted  in  a slight loss i n  engine  speed  because 
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hydrogen was not yet  available  to  the  engine. The thrott le  control sud- 
denly  received  an increased-demand Jp flow t o  maintain  the set speed. 
Operation  with  the two fuels allowed the hydrogen system to  cool down t o  
an equi l ibr ium temperature pr ior   to   the complete s h i f t  t o  hydrogen fuel .  
This transition  period was arbitrari ly  established  to la6t. 2 minutes; 
however, the engine would operate  satisfactorily  for  an  indefinite  period 
using  both  fuels. 

The switch  to complete hydrogen operation was made with no appreciable 
change i n  engine  speed cm ta i lpipe temperature, and the engine  functioned 
ent i re ly   sat isfactor i ly   unt i l   the   fuel  supply w a s  exhausted (for  21  min). e 
When this became apparent to  the  flight  engineer,  he.switched  directly 
back t o  Jp f u e l  without  incident. As the  engine lo s t  speed when the 
hydrogen supply was depleted,  the flight engineer retarded the  thrott le 
before  shifting back to  J€' fuel;  then the engine  accelerated normally on 
JP fue l  t o  the  original  speed. 

m a 

Engine Response to   Throt t le   Set t ing 

On two of the flights the engine th ro t t l e  was varied during  opera- 
t i on  on hydrogen t o  determine the  engine  response. Figure 27 shows the 
effect  of t h ro t t l e  change on engine  speed and tailpipe  temperature. As 
t he   t h ro t t l e  was sharply retarded, the engine  speed dropped smoothly from 
94 t o  84.5 percent rated with a corresponding drop i n   t a i l p ipe  tempera- 
ture. The reduction  in  speed w8.s limited at the  cruiee  altitude,  sfnce 
idle speed w&s approximately 78 percent. The t h ro t t l e  advance w a s  made 
i n  two steps t o  avoid compressor s t U .  The data presented  in  figure 27 
along with other similar data which w e r e  obtdned  during  several  throttle 
changes w i t h  operation on hydrogen f u e l  indicated that the hydrogen 
fuel  regulator responded  very sat isfactor l ly .  Some th ro t t l e  change8 re- 
s u l t e d  i n   s l i g h t  speed  oscillations, which were believed  to be associated 
with the dynamic characterist ics of other fuel-system components. Addi- 
tlonal  data  regarding this condition are reported and discussed i n  ref- 
erence 10. 

Heat -=changer Performance 

The heat exchanger was designed to vaporize 520 pounds of hydrogen 
per hour utilizing a ram-air flow of 1.75 pounds per second. The a i r c ra f t  
system used approximately 495 pounds per hour, and therefore this design 
allowed for very l i t t l e  superheating. Some concern existed that the 
heat exchanger would accumulate sufficient  ice  (or  frost)  on the ram-alr 
side of the finned  tubes t o  cause appreciable  pressure drop and reduction 
of heat-exchanger effectiveness. The available moisture for icing on the 
heat-exchanger tubes is very small at the  altitude  conditions of opera- 
tion; however, cumulative icing  could be significant.  Although the 
pressure-drop measurements did not indicate blocking during the time 
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hydrogen was passing  through  the  heat exchanger, no visual  data were ob- 
tained during these f l i gh t s   t o   ve r i ry  the absence of ice or f r o s t  on the 
tubes. 

Figure 28 shows a comparison of the ram-air-temperature drop w i t h  
hydrogen f u e l  f low between the flight data and the laboratory f a c i l i t y  
data. 'Be flight data indicate higher &-temperature drops o r  improved 
heat-exchanger effectiveness  than the laboratory data for  the stme air- 
f l o w .  This may be due t o  lower heat-leak losses i n   t he  flight 
instal la t ion.  

Condensation Trails 

The photogrwhs i n  figure 29 show the t d l p i p e  exhausts f r o m  the two 
engines during flight when the l e f t  engine w a s  using hydrogen fue l  and 
the right engine w a s  using JP fuel. The hydrogen-burning engine  developed 
a very dense and per is tent  condensation trail, while the other  engine  did 
not produce a contrai l .  The hydrogen contrai l  extended  rearward as far 
as could be observed by the chase  ailplane. 

Fuel  Jettisoning 

Two f l i gh t s  were conducted d u r i n g  which the s h i f t  was sa t i s fac tor i ly  
made t o  hydrogen fuel, but a flow res t r ic t ion  of hydrogen fuel  prevented 
engine acceleration  to high speed. In  those flights the  ent i re   fuel  
supply was jettisoned  through the vent  tube on the fuel tank.  Jettisoning 
of the f u e l  w a s  believed t o  be generally less hazardous and less of an 
operational problem than landing w i t h  hydrogen f u e l   i n  the win@;ttip tank. 
Figure 30 shows a photograph of the airplane  while the fuel w a s  being 
jettisoned. The entire  quantity of approximately 200 pounds w a s  emptied 
i n  about 22 minutes. The me1 formed a dense  cloud, w h i c h  disappeared 
about 20 feet rearwasd of the  vent-tube  exhaust. This pocedure w a s  
carr ied out  without  incident on both  occasions. 

1 

Three completely successful flights were m a d e  using a specially  in- 
stalled hydrogen Rrel system f o r  one engine of a twin-engine a i rc raf t .  
The climb and descent  portions of the flight were m a d e  using Jp fuel only. 
The hydrogen-burning portion of each flight at an a l t i t u d e  of approximately 
50,000 feet lasted  nearly 2 1  minutes and exhausted the mailable f'uel 
supply.  Transitions t o  hydrogen f u e l  and back t o  Jp f u e l  were m a d e  very 
sa t i s fac tor i ly  w i t b u t  serious  effects on the engine.  Operation on hydro- 
gen f u e l  w a s  excellent.  Throttle changes were made i n  a normal. fashion. 
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Heavy condensation trails were observed from the hydrogen-burning engine, 
whereas there were  none from the engine  burning JT fuel. 

On two additional flights, liquid  bybogen was jettisoned from the 
fuel tank without  incident. Also, hydrogen vapor result ing from f u e l  
boiloff in the tank wa8 vented  periodfcally from the tmk. Pressure and 
temperature data taken i n  the fuel  tank show th8t  agitation of the l iquid 
during f l i g h t  and pa r t i cuhr ly  during taxi substantially reduced the rate 
of fuel-tank  pressure rise Porn the rate previously  observed for   the tank 
i n  a atakionary position. Heat-exchanger data showed  good agreement with 
simulated  altitude data f o r  ram-air pressure drop and general heat- E: 
exchanger effectiveness. 

c (r. 

Lewis Flight Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, July 5, E357 



HACA RM E57Fl9a _ 23 

. 

LIQUIII-HYDROGEN mTEL SYS" 

By Scott H. Simpkinson  and Jacob C. Moser 

The instrumentation used for  the flight investigation  consbted  for 
the most par t  of modified  standard equipment. In  addition t o  the special  
data-recording  system,  several of the modifications  served a purpose par- 
t icular ly  unique t o  the hydrogen system. These consisted of a fuel-level 
indicator for the tank, a special fuel-tank  low-level  indicator to inform 
the  flight  engineer when the f u e l  was  nearly  exhausted ( f i g .  5), a fuel-  
exhausted  indicator t o  show when all the l i q u i d  was gasified so that tank 
purging  could be  comgleted, and a heat-exchanger  fuel-exhaust-temperature 
indicator t o  determine when the fue l  system had cooled down t o  a s tabi l ized 
temperature during ini t ia l   operat ion.  

Fuel-Tank Liquid-Level Indicator 

The fuel-tank  liquid-level  indicator  operated by means of capacitance 
meaurements using multiple  tubes of the dip tube as the sensing  device. 
Two concentric steel tubes e lectr ical ly   insulated from a th€rd outer  tube 
formed the p-es of the condenser. The l iquid and gaseous hydrogen be- 
tween the tube6 provided the v a i a k l e   d i a l e c t r i c .  Thm, as the f u e l  
level  changed, the  capacitance  indication on the fl-t engineer's  control 
panel  reflected this change. The range of a standard  aircraft-type ca- 
pacitance.  liquid-level-measuring  indicator was se t  to u t i l i z e  the dip-tube 
8 igtlal . 

Fuel-Tank Law-Level Indicator 

A carbon resistor was ins ta l led  near  the bottom of the dip tube  (3/4 
in. from the bottom of the tank) to  indicate when the fuel was nearly 
exhausted. The resistor sensed the change i n  temperature between the 
l iqu id  and the warm gas as the liquid  surface  passed this point. The 
indicator used with the carbon res i s tor  was a sensit ive miI"vo1tmeter 
connected  across a bridge circuit  containing the carbon resistance. The 
bridge values were selected to give 8 gross noticeable  deflection when 
the l iquid  level  passed the carbon resistor. 

Fuel-Exhausted Indicator 

In  order to determine when all the residual   l iquid i n  the tank had 
gasif ied so that tank purging could be completed, a copper-constantan 
thermocouple w a s  spot-welded t o  the external surface of the bottom of the 
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Snner tank shell t o  sense a change i n  temperature when all the liq?lld w a a  
exhausted. During laboratory  fuel-tank experiments it had been  found I 

that a single thermocouple measurement  would reflect  the  existance o r  
absence  of hydrogen l iquid on the opposite side of the metal surface. 
The thermocouple was referenced to a cold junction i n  an  Ice-water bath. 
A sensitive  millivoltmeter w a s  used as the temperature  indicator. 

Heat -Exchanger Fuel-Exhaust -Temperature Indicator 
% 

The temperature of the f u e l  i n  the damstream manifold of the heat 8 
exchanger was used as a cr i ter ion  to   indicate   s tabi l ized  cool  down of the 
system when hydrogen flow waa first started.  A cabon  res i s tor  a i m i l a r  
to  the  fuel-tank  low-level  indicator was used for  this purpose. These 
two resistors were placed i n  the same bridge  circuit so that the two 
resistances were comared on the millivolt  indicator for purposes of 
determining a minimum stabi l ized exhaust  tellrperature from the  heat ex- 
changer. The bridge  resistances were adjusted to   ind ica te  a maximum f u l l -  
scale  reading of about loOo X. 

Pressure Measurements 

Pressure measurements  were obtained by means of s t r a in  gages actuated 
by metal diaphragms connected t o  the pressure  source. The s t r a i n  gages 
were connected t o  form a bridge c i rcu i t  having an input  voltage of 1400 
cycles  per second. Pressure on the diaphragm unbalanced the bridge and 
t hus  created a bridge output  directly  related i n  amplitude  and  phase t o  
the pressure applied t o  the diaphragm. The output  voltage was  amplified 
and adjusted f o r  plus or minus pressure by phase comparison t o  a refer- 
ence  voltage.  Rectifiers and filters then  converted  the  resulting  signal 
to an analog  voltage  with a magnitude corresponding t o  the pressure. 
This voltage w a s  then  applied  to the grid af a 3equency-modulated oscil-  
la tor   to   obtain a frequency  output for the  tape  recorder. 

Temperature Meaauremente 

For temperature measurement, analog voltages for the f'requency- 
modulated osci l la tors  were obtained from both thermocouple output  voltages 
and resistance changes of wire-wound or  carbon resis tors .  " 

Thermocouple output  voltages were amplified by chopper-stabilized 
direct-current amplifiers and then applied t o  the frequency-modulated 
osci l la tors .  A reference  junction w a s  maintained at 80° F i n  a thermo- 
stat ical ly   control led oven w i t h  Fiberglas  insulation. 
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The resistance change of the res is tors  w a s  converted t o  an analog 
voltage by electrically  connecting the pickup i n  one l eg  of a resistance 
bridge. The output v o l t q e  w a s  treated i n  the same manner as the output 
from the pressure-sensing bridge. For temperatures warmer than -150° F, 
standard  air-temperature  probes (AH-5525) w e r e  used, and for  temperatures 
colder  than -150° F special  carbun resistors were used. The standard 
probes consist of a c o i l  of w T r e  encased i n  a 4-inch-long m e t a l  tube.  
Air temperatures at the heat exchanger were measured by exposing the tubes 
t o  the air flaring in to  and out of it. 

The special  pickups were small 1/8-watt carbon resistors mounted i n  
perforated  metal  tubes  or on standoff  insulators. These res i s tors  exhibit 
a very  strong  sensitivity t o  temperatures i n  the Oo t o  1500 R range. Tem- 
perature can be accurately  determined f'rom the following equation: 

where 

T temperature , OR or  OK 

KlY KZ constants which apply t o  all res i s tors  

% room-temperature resistance . "  

%e resistance at teuqerature T 

These resktors  operated  very  satisfactorily,   especially  in the region 
of 500 R, but some precautions had t o  be taken. The current through the 
res i s tor  w a s  limited t o  less than 2 milliamperes t o  mfnimize internal  
heating. Room-temperature resistance of many of t h e m  w a s  found t o  vary 
up t o  about 2 percent  until  they had been eqosed   fo r  1 or 2 hours t o  
temperatures i n  the 50° t o  l5@ R region  or  cycled several times t o  these 
temperatures. Results indicate that ordinary data reduction  yields errors 
not i n  excess of 20 at 500 R (about I percent of full-scale range) , in- 
cluding all system errors,  w h i c h  could  account f o r  half of this value. 
Special data treatment such as caxef'ul zero-shift  correction  reduced this 
e r ro r   t o  lo R or less. 

Data-Recordlng Equipment 

Continuous records of engine performance  and fuel-system  operation 
w e r e  obtained w i t h  a 14-track tape recorder  carried in the bcmb bay. At 
a tape speed of 15 inches per second, 48 minutes of record  could be ob- 
talned. The frequenay of the osci l la tors  used for  pressure and tempera- 
ture measurements xaa centered at 3500 cycles  per second and varied a 5  



26 W A  RM E57Fl9a 

percent by ful l -scale  changes in  pressure and temperature. Reference 
data or  zero  levels t o  obtain  absolute  values were established by ca l i -  
bration. The fuel f l o w  and engine epeed w e r e  measured by variable- 
frequency generators. The Frequency of the output  voltage w a s  varied by 
changes i n  the measured quantity. 

One track of the tape  recorder was set aside  to  record the voices of 
the p i lo t ,  the f l i gh t  engineer, and the  ground-station  operator  for  purposes 
of adding to the data and timing  events, which could  not  otherwise be 
accomplished. 

This recorder  provided  excellent  reproduction of signals, a l l  errors 
being  less  than 2 percent of full-scale  range. Noise superimposed on 
signals and tape-speed  variations were negligible. 

Each frequency-modulated osci l la tor  w a s  provided w i t h  a reference 
f’requency,  which w a s  used  during preflights as an index of the osciu&tor’s 
serviceabili ty.  The reference f’requency was provided by removing the 
1400-cycle-per-second exciting  voltage from the  temperature or pressure 
pickup. This w a s  equivalent t o  having a balanced  electrical  bridge and, 
when used i n  flight, provided the zero-shift compensation data that were 
used in  the  processing  procedure. This reference  calibration w a a  actuated 
by the  f l ight engineer  every 15 minutes i n  flight. 

All pressure  transducers were calibrated by direct  application of 
pressure, which was  plotted against the corresponding  frequency of i ts  
associated  osci l la~or .  Temperature-controlled osci l la tors  were calibrated 
by substi tution of known res i s tors  f o r  the resistance  probes. For wire- . 
res i s tor  temperature probe6 the resistmce-temperature  relation w a s  deter- 
mined by cooling the res i s tors  at boiling-hydrogen and boiling-nitrogen 
temperatures. 

After a flight the tape was played back through a companion data 
reproducer. The f’requency-modulated signals were amplified, f i l t e r ed  (if 
multiplexed), and converted t o  analog voltages, which were recorded by an 
oscillograph. 

In general,  traceable  errors  did  not exceed 1 percent of full-scale 
range of the imtruments. The frequency  response of the reproduced data 
w a s  l imited  to 11 cycles  per second by the  oscillograph galvanometer 
elements. 
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Figure 13. - Hydrogen-fuel-supply regulator for aircraft system. 

0 



NACA RM Em19a 

M 
0 
W * 

41 

P 

Figure 14. - Vacuum- jacketed liquid-hydrogen fuel line end j o i n t  construction used 
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Figure 27. - Response of tai lpipe temperature and engine  speed to change In  throttle position during F2 
operation on hydrogen fuel. 1 
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Figure 26. - Canparison & perfornmce of byamgen-vaporizing heat 
exchanger during fl ight with perfommce ia altitude facility. 
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C-45432 
Figure 29. - Contrails from engine operating on hydrogen fuel.  Altitude, 
48,000 feet; Mach rmniber, 0.70. 
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Figure 30. - Jettison of l iquid hydrogen from fuel tank. Altitude, 
44,000 feet; Mach number, 0.70. 
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